Abstract -An experiment combining a hyperinsulinemic euglycemic clamp procedure of four sequential 2-h periods and an isotope dilution method of [U-13 C]glucose determined the effect of supplemental calcium propionate on blood glucose metabolism during insulin and glucose infusions in adult sheep. They were fed lucerne hay cubes and commercial concentrate with and without supplementary calcium propionate (Prop and Cont diets, respectively) in a crossover design for each 21-day period. At the preinfusion period, blood glucose turnover rate (GTR) was greater (P < 0.05) for the Prop diet than for the Cont diet. Blood GTR, endogenous glucose production rate (EGPR) and the ratio of EGPR to blood GTR were greater (P < 0.01, P < 0.05 and P < 0.05, respectively) for the Prop diet than for the Cont diet. Blood GTR and glucose infusion rate (GIR) increased (P < 0.001) and the ratio of EGPR to blood GTR was reduced (P < 0.01) with increased insulin infusion rates. The maximal GIR tended to be (P < 0.10) greater for the Prop diet than for the Cont diet but plasma insulin concentration at half maximal GIR did not differ between diets. It is suggested that in adult sheep, dietary propionate supplementation enhances insulin action on glucose metabolism, however, changes in measures of tissue responsiveness and sensitivity were not significant. calcium propionate / glucose clamp technique / glucose metabolism / insulin / isotope dilution method / sheep
INTRODUCTION
In ruminants, glucose utilization differs from non-ruminant animals, because they depend mainly on gluconeogenesis for their glucose requirement. Propionate produced in the rumen is quantitatively the most important precursor for gluconeogenesis [1] [2] [3] . Propionate supplementation influences the net flux of glucose in lambs [4] and fat deposition and skeletal muscle growth in wethers [5] . However, the effects of supplementation and intraruminal infusion of propionate on blood glucose kinetics are not persistent in ruminants [6] [7] [8] . Intraruminal and intravascular infusions of propionate increase the release of insulin and glucagon [9, 10] . Therefore, it is probable that propionate status in the rumen influences blood glucose metabolism and its endocrine control, and plays an important role in ruminant production. However, little information is available about nutrient metabolism and control, especially in the in vivo studies. A glucose clamp procedure has been used to determine whole body tissue 10 H. Sano, T. Fujita responsiveness and sensitivity to insulin [11] . Weekes et al. [12] applied the glucose clamp procedure combining an isotope dilution method of H]glucose to determine whole body glucose turnover rate (GTR) and endogenous glucose production rate (EGPR) in addition to tissue responsiveness and sensitivity to insulin in sheep in vivo. It was hypothesized that the propionate supplementation enhances tissue responsiveness and sensitivity to insulin, thus modifying the production of ruminants. Therefore, the present experiment was designed to investigate blood glucose metabolism during the glucose clamp procedure, using the combined experiment which used the isotope dilution method of [U- 13 C]glucose as a tracer, in adult sheep fed diets supplemented with a physiological level of calcium propionate.
MATERIALS AND METHODS

Animals and diets
Four crossbred (Suffolk × Corriedale) sheep aged 1 to 2 years and weighing 47 ± 1 kg were used. At least 3 months before the experiment, they were surgically prepared under anesthesia with a skin loop enclosing the left carotid artery. The animals were housed in individual pens of the animal room and were shorn to less than 10 mm before the initiation of the experiment. The sheep were allocated to two dietary treatments with a crossover design for 21 days in each experimental period. Basal diets were made up of lucerne hay cubes and commercial concentrate (33% maize, 33% wheat bran, 24% soybean meal, and 10% molasses and minerals). The composition and metabolizable energy (ME) of the basal diets are shown in Table I . The control (Cont) treatment was to feed lucerne hay cubes and concentrate at 17.5 and 4.4 g dry matter (DM)·kg -1 body-weight (BW) per day, respectively. The basal diet was estimated to contain 9.0 MJ of ME·kg -1 DM [13] . The propionate supplementation (Prop) treatment was the basal diet plus 10 mmol calcium propionate·kg -1 BW per day (1.86 g·kg -1 BW per day), corresponding to approximately 50% of the daily propionate production in the rumen of sheep [14] . The ME intake was 197 and 228 kJ·kg -1 BW for the Cont and Prop diets, respectively. Therefore, the Prop diet was estimated to contain 16% greater ME than the Cont diet [13] . The sheep were fed the diet once daily at 1900 h and consumed it within 1 h. Water was available ad libitum. The sheep were moved to metabolism cages in a controlled environment chamber at an air temperature of 20 ± 1 °C before the experiment. A polyvinyl catheter for infusion was placed in a jugular vein the day before the experiment. A catheter for blood sampling was inserted into the carotid artery of the skin loop in the morning of the experiment. The catheters were maintained by flushing with 3.8% of trisodium citrate sterile solution. The surgery, management and blood sampling were carried out according to the guidelines 
Experimental procedures
The experiment, combining the glucose clamp procedure with the isotope dilution method, was carried out on the last day of the 21-day period. At 0900 h of the experimental day, 2 mg of [U- 13 C]glucose (Dglucose- 13 C, 99 atom % excess 13 C, Isotec Inc., A Matheson, USA Co., USA) dissolved in saline solution was injected into the jugular catheter as a priming dose. Then [U- 13 C]glucose was continuously infused by a multichannel peristaltic pump (AC-2120, Atto Co. Ltd., Japan) at a rate of 120 µg·min -1 through the same catheter for 12 h. Blood samples (3 mL) were taken from the carotid artery catheter immediately before and at 10-min intervals from 180 min to 720 min after the initiation of [U- 13 C]glucose infusion. They were transferred into centrifuge tubes which contained sodium heparin and were chilled until centrifugation.
The hyperinsulinemic euglycemic clamp procedure was applied to determine blood glucose metabolism in response to insulin infusion [12, 15] . Insulin (64 and 400 U·L -1 of saline solution for two lower and two higher infusion rates, respectively; Actrapid monocomponent porcine insulin, Novo Industri, Denmark) was infused over four sequential 2-h periods at rates of 0.64, 1.6, 4.0 and 10 mU·kg -1 BW per min by another peristaltic pump through the same jugular catheter during the last 8 h of [U- 13 C]glucose infusion. The dose and duration of insulin infusion were performed according to the experimental procedures as reported previously [16] . During the glucose clamp procedure, additional blood samples (1 mL) were taken at 5-min intervals for determination of blood glucose concentrations with an automated glucose analyzer within 1 min after collecting blood samples. Glucose solution (20% in distillated water, Daiichi Pharmaceutical Co. Ltd., Japan) was adjustably infused to maintain the preinfusion blood glucose concentrations with a third peristaltic pump into the same jugular venous catheter. The glucose infusion rate (GIR) at 10-min intervals was recorded during the insulin infusion period. After finishing the insulin infusion, glucose infusion was continued while blood glucose concentrations were monitored for a minimum of 1 h to prevent hypoglycemia.
Analyses
Blood glucose concentrations were determined by the automated glucose analyzer (GLU-1, DKK-TOA Co., Japan) based on the glucose oxidase method. Residual blood samples were centrifuged at 8 500 × g for 10 min at 4 ºC, and the plasma was stored at -20 ºC until further analyses. Derivatization of plasma glucose was performed by the procedure of Tserng and Kalhan [17] with slight modifications as described previously [18] . The isotopic abundance of the glucose derivative was determined with a gas chromatographic-mass spectrometric system (DELTA plus , ThermoQuest, Germany). Plasma insulin was determined with a radioimmunoassay kit (IRI "Eiken", Eiken Chemical Co. Ltd., Japan) based on the double antibody radioimmunoassay method. The sensitivity of the assay was 5.0 µU·mL -1 , and intra-and interassay coefficients of variance were 6 and 9%, respectively.
Calculations
Mean values with standard errors of the means (SEM) are given. Blood GTR was calculated according to the equation of Tserng and Kalhan [16] and the equation of nonsteady states by Steele [19] before and after the initiation of the glucose clamp procedure, respectively. The glucose distribution volume and the pool fraction were assumed to be 179 mL·kg -1 BW and 0.65 as described by Weekes et al. [12] and Brockman [20] , respectively. The EGPR was calculated from GTR minus GIR.
The maximal GIR (GIR max ) and plasma insulin concentrations at half-maximal GIR (ED 50 ) were calculated from mean values of plasma insulin concentrations and GIR during the second half of each 2-h insulin infusion rate using logistic regression analysis [21] . They were used as measures of tissue responsiveness and sensitivity to insulin, respectively [11] .
Data were analyzed with the MIXED procedure of SAS [22] . The model statement was used when basal plasma insulin and blood glucose concentrations, basal blood GTR, GIR max and ED 50 were compared between the Cont and Prop diets. The fixed effect was diet, and the random effect was sheep. The repeated statement was used to test the effects of diet, insulin infusion rate and diet × insulin infusion rate interaction as the fixed effects. The random effect was sheep. All results were considered significant at the P < 0.05 level. A tendency to differ was considered at P < 0.10. The means statement and Tukey-Kramer adjustment were used to compare values between insulin infusion rates (P < 0.10).
RESULTS
Basal states
The sheep consumed all the feed which was offered, therefore, feed intake was greater for the Prop diet than for the Cont diet due to supplemental calcium propionate (Tab. II). The time course of changes in plasma insulin and blood glucose concentrations, and GIR before and during the hyperinsulinemic euglycemic clamp procedure is shown in Figure 1 . Blood glucose concentrations were stable before the glucose clamp procedure was commenced in both dietary treatments. At the preinfusion period concentrations of plasma insulin (P = 0.38) and blood glucose (P = 0.82) did not differ between the Cont and Prop diets. Basal blood GTR was greater (P < 0.05) for the Prop diet than for the Cont diet.
Hyperinsulinemic euglycemic clamp
Plasma insulin concentrations increased (P < 0.001) and were stable during the ensuing glucose clamp for the Cont and Prop diets (Fig. 1 ). Blood glucose concentrations were successfully clamped at preinfusion values during the 8-h glucose clamp period. Plasma insulin and blood glucose concentrations did not differ between the dietary treatments (P = 0.59 and 0.89, respectively; Tab. III). Glucose infusion rates did not differ between diets (P = 0.14) and increased (P < 0.001) as insulin infusion rates increased without the diet × insulin infusion interaction (P = 0.51).
Blood GTR during the glucose clamp procedure was higher (P < 0.01) for the Prop diet than for the Cont diet. Blood GTR increased (P < 0.001) with increasing insulin infusion rates and the diet × insulin infusion rate interaction was not significant (P = 0.19). Endogenous glucose production rate was higher (P < 0.05) for the Prop diet than for the Cont diet, but was not affected (P = 0.98) by insulin infusion rates. The ratio of EGPR to blood GTR was greater (P < 0.05) for the Prop diet than for the Cont diet and was reduced (P < 0.01) as insulin infusion rates increased. The GIR max tended to be higher (P < 0.10) for the Prop diet than for the Cont diet and the ED 50 did not differ between the diets (P = 0.37).
DISCUSSION
In the present experiment, nonproductive adult sheep were used. Although insulin action and sensitivity of sheep changed with growth stage as determined by the glucose clamp technique [23] , the adult sheep would provide a standard animal model. The sheep were fed lucerne hay cubes and commercial concentrate with or without dietary calcium propionate supplementation at a level of 10 mmol·kg -1 BW per day. Although VFA concentrations in the rumen fluid and blood were not determined, the dose of calcium propionate was considered The superscripts with SEM indicate differences (P < 0.10) between insulin infusion rates without detecting diet and insulin infusion rate interaction.
to be within the physiological range as described previously [24] . Sano et al. [25] determined the postprandial changes in VFA concentrations in both the rumen fluid and blood in sheep supplemented with the same dose of propionate as in the present experiment. They reported that propionate supplementation increased propionate concentrations in both the rumen fluid and blood after the initiation of feeding but other VFA concentrations did not differ from the diet without propionate supplementation. Similar changes in VFA in response to the calcium propionate supplementation would be expected in the present experiment. Lopez et al. [26] reported that in sheep sustained by intragastric infusions, acetate, propionate, and butyrate were absorbed from the rumen in a concentration-dependent manner. Therefore, propionate absorption for the Prop diet would be greater than for the Cont diet. Plasma insulin concentrations increased temporarily after the initiation of feeding in sheep fed lucerne hay cubes in a single meal daily [27] . Sano et al. [25] observed that in sheep fed the diet with supplemental calcium propionate once daily, plasma insulin concentrations increased to peaks at 45 min after feeding and decreased thereafter. The insulin response to feeding was greater for the diet with supplemental propionate than for the basal diet alone. Because plasma insulin concentrations for the diet with supplemental propionate returned to the levels of the basal diet alone within several hours after feeding, basal plasma insulin concentrations did not differ between the diets. Moreover, the time course of changes in plasma insulin concentrations over the 8-h period of the glucose clamp procedure was similar between the dietary treatments. It was expected that the doses of insulin infusion were comparable between diets and endogenous insulin release from the pancreas contributed little to the enhanced blood GTR during the glucose clamp procedure.
In the present experiment, the sheep were fed once daily and the isotope dilution method was started at 14 h after feeding. Blood glucose concentrations were stable before the glucose clamp procedure. Therefore, it may be suggested that the blood glucose pool was in a steady state, when the isotope dilution method was performed. Both basal blood GTR and blood GTR during the glucose clamp procedure were enhanced by propionate supplementation. Seal and Parker [8] infused propionic acid into the rumen of growing steers at rates of 0.5 and 1.0 mol·day -1 , which were lower doses than in the present experiment when compared on a per BW basis, and reported that glucose irreversible loss rate increased at the higher propionic acid infusion rate (1.0 mol·day -1 ). On the contrary, Majdoub et al. [7] reported that in growing lambs fed rye grass, the apparent glucose turnover was not modified by intraruminal infusion of propionate (0.55 and 0.91 mol·day -1 ), despite a numerical increase which was due to one of six animals. The inconsistency of effects of supplemental propionate on blood glucose metabolism may be involved in the dose, duration or method of propionate supplementation, the stage of animals, or feeding managements. Although basal blood GTR was within the ranges of blood GTR as determined by the isotope dilution methods using stable and radio isotopes, blood GTR for the Prop diet seemed to be near the upper margin [12, 18, 28, 29] . Because blood GTR is influenced by the type of diet, energy intake and physiological status [28] [29] [30] , these factors may be related. OrtiguesMarty et al. [29] reviewed the relationship between glucose turnover rate and ME intake in growing ovines, growing bovines and adult ovines, and suggested that growth stage on glucose turnover rate is probably as important as the effect of animal species.
Our results of the EGPR and the ratio of the EGPR to blood GTR suggested that gluconeogenesis was sustained even while the glucose clamp procedure was performed and they were greater for the Prop diet than for the Cont diet. Seal and Parker [8] found that in growing steers infused with propionate intraruminally, most of the infused propionate was converted to glucose. Van der Walt [2] reported that in sheep fed lucerne hay at 12-h intervals, 15 to 22% of glucose turnover derived from propionic acid even at the prefeeding period. Plasma glucagon concentrations increased more after the initiation of feeding for the diet supplemented with calcium propionate than for the diet without supplementation [24] . Brockman and Bergman [31] and Brockman and Greer [32] reported that in sheep, glucagon infusion increased hepatic gluconeogenesis from alanine and glutamine but not from propionate. Therefore, it is probable that propionate supplementation increases glucagon secretion and results in enhanced hepatic gluconeogenesis from glucogenic amino acids in addition to propionate.
In the glucose clamp procedure, blood GTR increased with increased insulin infusion rates in a dose-dependent manner as reported previously [15, 33, 34] . This reflected enhanced glucose utilization in insulin dependent tissues such as skeletal muscle and adipose tissue [35] . The ratio of EGPR to blood GTR was reduced to 17 or 35% as insulin infusion rates increased. Weekes et al. [12] reported that in sheep, the ratio of EGPR was reduced to approximately 20%, even when higher insulin infusion rates than the present experiment were applied. Sano et al. [21] obtained a similar ratio to the present experiment in sheep. On the contrary, Janes et al. [15] reported that in sheep, the EGPR was completely suppressed during the hyperinsulinemic euglycemic clamp procedure at 6 mU·kg -1 BW per min of insulin infusion. Bergman et al. [33] also reported that in sheep, complete suppression of endogenous glucose appearance rate occurred at insulin concentrations of 50 to 300 μU·mL -1 . Because the EGPR at the higher insulin infusion rates was negative in the above two reports, the isotope dilution methods used or the determination of glucose infusion rates would be involved in the errors.
For calculations of tissue responsiveness and sensitivity to insulin, plasma insulin concentrations and GIR were used. The GIR max and ED 50 were somewhat higher than those reported previously [12, 33, 34] , because the step numbers and rates of insulin infusion and the regression equations differed. However, they were comparable between the Cont and Prop diets. Of the measures of tissue responsiveness and sensitivity, only a tendency was detected in GIR max between the Cont and Prop diets. Sano et al. [21] reported that in sheep the action of insulin on glucose metabolism was enhanced during cold exposure, but the effect of feed restriction was somewhat enhanced. It may be possible that nutritional factors are relatively less effective on insulin action as determined by the glucose clamp procedure.
In conclusion, propionate supplementation to forage rich diets at a level close to maintenance ME requirements has the ability to enhance blood glucose metabolism both before and during the hyperinsulinemic euglucemic clamp procedure in adult sheep. Manipulation of rumen VFA fermentation can modify fat deposition and skeletal muscle growth of sheep [5] through enhanced insulin action in addition to insulin secretion.
